We demonstrate novel modulation-free frequency locking of a diode laser, utilizing a simple Sagnac interferometer to create an error signal from saturated-absorption spectroscopy. The interference condition at the output of the Sagnac is strongly affected by the sharp dispersion feature near an atomic resonance. Slight misalignment of the interferometer and subsequent spatially selective, or tilt, detection allows this phase change to be converted into an error signal. Tilt locking has significant advantages over previously described methods, as it requires only a small number of low-cost optical components and a detector. In addition, the system has the potential to be constructed as a plug-and-play fiber-coupled monolithic device to provide submegahertz stability for lasers in the commercial market.
The locking of lasers to narrow atomic or cavity resonances is a prerequisite for many experiments in physics and precision industrial applications. In particular, saturated-absorption spectroscopy is almost synonymous with frequency stabilization of diode lasers in atomic physics in applications such as atomic clocks, laser cooling, and Bose-Einstein condensation. Several methods of obtaining an error signal from an atomic transition are in common use. These generally rely on modulation of either the laser frequency or the atomic reference source and subsequent electronic demodulation to produce the error signal required for locking. 1 More recently, modulation-free differencing techniques have come into use, 2 -4 whereby an error signal is produced by subtraction of two frequency-or phase-shifted signals generated from the same atomic reference source. Modulation-free schemes have the advantage of simplicity over more traditional methods, as they potentially do away with the need for lock-in electronics and various modulation apparatus. The benefit is twofold: a simplified experimental setup and a reduction in broadening effects on the frequency reference and (or) laser. To date, however, modulationfree schemes have generally either included expensive apparatus such as acousto-optic modulators, strong magnetic f ields leading to broadening of the atomic transition, or are very sensitive to alignment and vibration.
In this Letter we present a novel differencing technique that combines the precision of spectroscopy with the sensitivity of interferometry to produce a robust, zero-crossing error signal from an atomic transition. Our scheme is modulation and Doppler free, polarization independent, requires no lock-in amplifier, and consists of only a photodetector, a gas cell, and inexpensive optical components. We place a vapor cell and a neutral-density f ilter within a Sagnac interferometer (Fig. 1) . We use the Sagnac configuration because it is interferometrically insensitive to environmental drift because the optical beams travel the same path in opposite directions. The pump beam saturates the vapor cell and is then attenuated, whereas the probe beam is f irst attenuated and then probes the saturated transitions of atoms in the vapor cell. On recombination at the Sagnac beam splitter, both beams have experienced the linear absorption of the vapor cell and the neutraldensity filter, whereas only the probe is amplitude and phase modif ied because of the Doppler-free resonance it alone encounters. We use this Dopplerfree phase shift to produce an interferometric error signal at the Sagnac output, achieved through the use of tilt locking. 5 This scheme was originally conceived in relation to optical cavities; however, the concept of tilt locking can be extended to two-beam interferometers. 6 The output of a Sagnac, or any two-beam interferometer, can be described on the basis of TEM modes, as can a cavity. In the case of a Sagnac interferometer, a TEM 00 mode that is incident upon the input of the interferometer will result in a dark output. If the interferometer is misaligned to produce a tilt error on recombination at the beam splitter, the output will be a TEM 01 mode p /2 that is out of phase with the original beams.
Any phase shift introduced within the interferometer will lead to a power mismatch between the beam halves as a result of constructive interference between the TEM 00 and TEM 01 modes in half of the beam while producing destructive TEM 00 -TEM 01 interference in the other half. It is well known that, associated with an atomic absorption feature, there is also a sharp change in n͑x͒, the refractive index of the atoms, 7 which in turn affects the phase of the interacting light. The phase change associated with the absorption feature can be expressed as
where n is the frequency of the light and x is the coordinate along the beam propagation path. The integral is taken over the length of the interaction region. The refractive index, ͓n͑x͒ 2 1͔, has a typical dispersive form with the zero crossing coinciding with the peak in absorption. By placement of a vapor cell inside the interferometer, the phase change associated with a resonance and its resultant effect on the output of the interferometer can be used to frequency stabilize a laser, as described in the previous paragraph. This effect is shown schematically in Figs. 1(a) -1(c).
As the laser frequency is scanned across the atomic resonance, the phase shift induced by the Doppler-free atomic dispersion inside the interferometer adds to or subtracts from the phase of the TEM 01 mode, resulting in an intensity mismatch in the lobes. The magnitude of the phase shift is directly proportional in sign and magnitude to the detuning of the laser frequency with respect to the atomic resonance. Our experimental setup is shown in Fig. 1 . The laser is a 100-mW SDL-5700-TO3 distributed Bragg ref lector diode operating at 852 nm. A small portion of the beam is split off and passed through a twomirror Sagnac interferometer. A Cs-vapor cell and a neutral-density filter are placed inside the interferometer. In this conf iguration the counterclockwise beam passing through the f ilter before the cell acts as a probe, and the clockwise beam as the pump, creating the conditions for Doppler-free saturatedabsorption spectroscopy. 8 We typically used 0.1 to 2 mW of power incident on the input port, with a beam diameter of ഠ1 mm and a f ilter with transmissivity 0.1. A simple CCD camera was used to check the output of the interferometer for coarse alignment of the dark port and the tilt mode. The tilt output of the interferometer is achieved by misalignment of the beam splitter (or one of the mirrors) on the horizontal axis until the dark port changes to a clearly visible TEM 01 mode. The detector is a commercial quadrant photodiode (EG&G C30843E) with the quadrants appropriately added to produce a vertically split two-lobed tilt detector. The output of the lobes is then summed or subtracted, allowing both the saturatedabsorption and error signals to be monitored simultaneously. Finally, the error signal is amplified and passed to a servo-locking circuit that feeds back to the laser diode current.
A typical signal from the interferometer is shown in Fig. 2 . The transition is the Cs 6 2 S 1/2 , F 4 ! 6 2 P 3/2 used for laser cooling. An extraordinary feature of our method is the large signal-to-noise ratio of the true zero-crossing error signal, generated without the use of any modulation of the laser light or atoms. The inset shows the laser scan across the Cs 6 2 S 1/2 , F 4 ! 6 2 P 3/2 , F 5 transition, illustrating the true zero-crossing nature of the error signal. Once the system is operating, the error signal is insensitive to intensity f luctuations of the laser beam and is strikingly immune to acoustic perturbations. Figure 3 shows the results of a simple analytic model of both [curve (a)] the saturated absorption and [curve (b)] the resulting tilt-locked error signal. In this model we explicitly derive the real and the imaginary coefficients of the complex refractive index for each transition within the Cs 6 2 S 1/2 , F 4 ! 6 2 P 3/2 hyperf ine manifold and then cascade these transitions before calculating the total complex refractive index as a function of optical frequency. Propagation around the Sagnac interferometer and through the Cs cell in one direction (pump) yields the Doppler-broadened absorption spectrum, whereas propagation in the other direction (probe) yields the saturated-absorption spectrum. These two f ields are then subtracted at 2 S 1/2 , F 4 ! 6 2 P 3/2 saturated absorption and error signals generated by the interferometer tilt-locking system. We used spatial mode f iltering through an optical f iber (ThorLabs TS-PM-4621) to provide a clean TEM 00 input to the interferometer. The inset shows the same information acquired from the 6 2 S 1/2 , F 4 ! 6 2 P 3/2 , F 5 transition. Fig. 3 . Theoretical prediction of Cs 6 2 S 1/2 , F 4 ! 6 2 P 3/2 (a) saturated absorption and (b) error signals generated by the interferometer tilt-locking system. Fig. 4 . Calibrated time trace of the interferometer error signal for a single laser; at 20 s the servo lock is turned on. The inset shows the stabilized beat signal between two tilt-locked lasers, which we have measured to be submegahertz stable over many hours. The linewidth of this beat is measured to be 8 MHz at the 3-dB point, with a resolution bandwidth of approximately 100 kHz. This width is to be expected from our lasers, as discussed in the text.
the Sagnac dark fringe (p out of phase) output. We then vectorially add the tilt fields (at the p͞2 and 2p͞2 phases, respectively) on each half of the output plane to give the resulting tilt error signal. The effects of polarization on population pumping have been included by matching of the transition strengths to the experimental spectrum. This model gives a zero-crossing error signal for each hyperf ine transition (transitions 3 and 4 are almost merged).
In Fig. 4 we show the error signal of a single laser as a function of time; the system is locked at t 20 s. Two lasers locked by use of this technique run our Cs magneto-optical trap the system runs over many hours without resetting of the lasers, indicating at least megahertz frequency stability of each laser. In addition to this conf irmation of the lock point stability, we have also made a heterodyne beat measurement of two independently tilt-locked lasers. One laser is locked to the F 4 ! F 4͞5 crossover 125 MHz to the red of the second laser, which is locked directly to the F 4 ! F 5 transition. The first laser is downshifted with an acousto-optic modulator by 64 MHz. The beat signal at 189 MHz, shown in the inset of Fig. 4 , is detected on a rf photodiode and fed to a spectrum analyzer (Hewlett-Packard HP 8568B) and then to a computer data logger. We find that the center frequency is stable to the sub-megahertz level indefinitely. The laser linewidth of our diodes is measured to be 5 MHz. This linewidth is consistent with measurements made with our old locking techniques 9 and is not due to the tilt-locking mechanism. The bandwidth of our servo-locking circuit is 100 Hz, providing good low-frequency control of the central laser frequency, but has no effect on fast dynamics, which determine the laser linewidth. A precise study of the noise properties of this atomic tilt-locking system will be the subject of future work.
In conclusion, we have developed a simplemodulation free system for frequency stabilizing a diode laser to an atomic transition. Our methods require no expensive components such as acousto-optic modulators, electro-optic modulators, wave plates, or lock-in amplifiers. In addition, we envisage that we can easily miniaturize the system as a monolithic structure to provide a fiber-coupled device that requires no alignment and is able to provide robust submegahertz frequency stability for diode lasers.
